As a part of their joint development programme, BASF, Linde and RWE Power have tested BASF's innovative, amine-based capture technology OASE ® blue for more than 24,000 operating hours at the post-combustion capture pilot plant at Niederaussem. This paper summarises the achievements of the testing programme and the operational experience regarding emission formation and different emission reduction measures under real power plant operating conditions.
Introduction
Crucial for the implementation of the CCS technology and its public acceptance is a comprehensive knowledge about the environmental impact of this large-scale climate protection technology and about the measures how to minimize it in a technically and economically reasonable manner. This implies for post-combustion capture that the power generation efficiency with CCS should be maximized and the loss of the solvent by degradation and emission should be minimized. Since 2009 the post-combustion capture pilot plant at Niederaussem is in operation as cornerstone of the joint development programme of BASF, Linde and RWE aiming at an optimized capture technology. An outstanding performance was demonstrated for the developed technology which has been commercialised under the trade mark "OASE ® blue" by BASF (specific energy demand: 2.8 GJ/t CO2 , specific solvent loss: below 300 g/t CO2 ). Comprehensive know-how was gained about the degradation, emissions and corrosion behaviour during the long-term performance testing of the solvent [1, 3] . A flexibly adjustable emission mitigation system has been tested under real power plant operating conditions and cause-and-effect relationships for the formation and reduction of emissions were studied. The identified effects marked the starting-point to reduce the complexity of the emission mitigation system significantly. In the first part of the ongoing phase III of the development programme several possible process configurations are being evaluated in terms of technical and economical aspects and a wide range of operating parameters is tested.
Testing options at the pilot plant at Niederaussem
The post-combustion capture pilot plant is part of the Coal Innovation Centre at Niederaussem and offers extraordinary options for testing and assessing all aspects of emission formation in the amine-based post-combustion capture process (7.2 t of CO 2 can be captured per day; flue gas flow 1,550 m N 3 /h; CO 2 content at flue gas absorber inlet approximately 14.2 vol.-%, dry; O 2 content in flue gas after FGD approximately 5.0 vol.-%, dry). The pilot plant can alternatively be supplied with flue gas from a conventional wet limestone flue gas desulphurization plant (FGD), or from a high performance FGD (FGDplus pilot plant from ANDRITZ Energy & Environment, SO 2 concentration in clean gas <10 mg/m N 3 ) which also contains a wet electric precipitator (made by STEULER KCH), a fly ash dosing system and a SO 2 /SO 3 dosing system during some testing phases, see Figure 1 . These different testing configurations allow the injection and control of trace elements in the flue gas stream. The flue gas is supplied by the 1,000 MW raw lignite-fired power plant at Niederaussem. Optionally up to 30% of the thermal heat input can be supplied by co-firing of dry-lignite produced in the WTA ® prototype. Performance parameters and process design of the post-combustion capture pilot plant were already described in detail [4, 5] .
Five different process configurations to mitigate emissions and their interaction were extensively tested in individual operation or in coupled operation mode (water wash temperature, acid wash, dry bed, flue gas pretreatment, wet electric precipitator), see Figure 2 . The operating parameters were varied in a wide range, e.g. temperatures, flows and the pH value. It was demonstrated for thousands of operating hours that both -emissions caused by vapor pressure and by aerosol formation -could be reduced up to an order of magnitude by three different mitigation measures (water wash temperature, dry bed, flue gas pre-treatment) [6] . For some configurations also the wet electric precipitator has the capability to reduce aerosol-based emissions. The measuring sensitivity of IR spectroscopy is not sufficient to determine the trace element content in the CO 2lean flue gas in cases where emission concentration in the released CO 2 -lean flue gas reaches values far below 1 ppm. Therefore, Proton Transfer Reaction Mass Spectroscopy (PTR-MS) was used in connection with special aerosol measurement equipment (particle sizer: 5.6 to 520 nm (determination of the electric mobility diameter: the diameter of a sphere with the same migration velocity in a constant electric field as the particle of interest); lightscattering spectrometer system: 0.2 to 105 m) to determine the concentrations of amines and volatile degradation products online with high resolution and to analyze in parallel the particle/droplet content (number concentration, size distribution) in the flue gas before and after the absorber. Together both measurement methods allow to investigate details of the emission formation mechanisms and to understand the working principle of the emission mitigation measures developed at Niederaussem.
Testing program and results
While the emission reduction measures to reduce vapor pressure-driven solvent loss are well understood, it is generally accepted that in case of aerosol-driven emissions more know-how is needed to block this dominant mechanism of solvent loss more effectively. Moreover, from the operational perspective of a power generator with focus on full-scale application it is important to identify appropriate measurement categories for the coupled system 
Aerosol formation by dust
The goal of each emission reduction strategy related to aerosols is to hinder the carrier function of the particles, either by minimizing the number of aerosol particles or by avoiding the particle loading with amine. A third way is to initiate and accelerate particle growth so that the generated solid particles or small droplets can be removed from the gas stream by inertial impact on the internal surface of the flue gas pre-conditioning equipment, the absorber or the post-CO 2 -capture facilities.
The combustion of coal generates particulate matter ranging from millimeters down to ultrafine nuclei with only a few nanometers in diameter. The particle number, size, size distribution, composition and physical/chemical properties depend on the coal composition and the operational settings of the power plant. Large fly ash particles are partly removed in the furnace as bottom ash. Despite the high flue gas temperature in the combustion chamber, already here some condensation effects occur and some particles might stick to fouling or slagging deposits on the cold surfaces of the heat exchangers. New particles are generated when the cleaning systems of the steam generator (soot blowers) are activated. The remaining particles behind the steam generator are removed in a modern power plant along the flue gas path by the "conventional" post-combustion gas cleaning devices: DENOX systems (in hardcoal-fired power plants), multi-stage electric precipitator and wet lime-stone desulphurization (FGD). It should be noted that also these post-combustion gas cleaning devices might act as a source of aerosol nuclei and not only as a sink. The flue gas passes through several temperature and humidity saturation states on its path and the particles will undergo transformations depending on their size, chemical and mineralogical composition and additional parameters (e.g. electric field in the electric precipitators). Agglomeration and condensation effects will lead to particle growth and a change of the particle size distribution (agglomeration: without changing the total volume (or mass) of particles; condensation: without changing the total numbers of particles). Also homogeneous nucleation (formation of new particles directly from the gas phase) and chemical reactions will influence the particle number and mass concentration. Other possible sources or sinks for solid/liquid aerosol particles are fragmentation, evaporation, inertial impaction, diffusion to surfaces, electrophoresis and thermophoresis.
The dust emission of a coal-fired power plant is normally measured as mass-related volume concentration. Figure 3 shows a testing period over some days where different operational modes of the electric precipitator stages of the power plant were set. As a consequence the dust concentration in the raw flue gas upstream of the conventional FGD of the power plant increased by a factor of three (dark blue curve) and the dust concentration downstream of the FGD by a factor of 2 (light blue curve) from approx. 0.5 to 1.0 mg/m 3 . Fig. 3 . Increasing dust concentration in the flue gas triggers aerosol formation and therefore solvent loss by emissions, but the mass-related dust concentration alone is no appropriate measure to predict the loss of solvent.
Although this dust concentration and also its change are extremely low from an operational perspective of a power plant, the emissions of the post-combustion capture plant increased dramatically by a factor of 10 to 50 (organic emissions in the lean flue gas as total hydrocarbon (THC) concentration in the CO 2 -lean flue gas: red curve), when only the water wash section was activated at the top of the absorber and no other emission mitigation measure was taken. A standard mass concentration-related dust emission measurement in the feed gas of the capture plant is obviously not suitable to predict the resulting emissions out of the capture plant.
Also a simple direct dependency of the emissions on the dust/aerosol particle number concentration could not be detected in our testing. The results of the investigation program at the pilot plant at Niederaussem demonstrated that -beside the well known emission formation by SO 3 via aerosols [7, 8] (which in general is negligible for Rhenish lignite-fired power plants) -primarily very small particles in the flue gas are nuclei for aerosol formation and loss of the solvent. Our results show that larger particles approx. >255 nm will grow to droplets by condensation along the flue gas treatment process, which are then removed from the gas stream by inertial separation (impaction) in the FGD, in the direct contact cooler/pre-scrubber unit, in the CO 2 absorber or finally in the emission mitigation system of the capture plant. If the particle size is approx. <255 nm, aerosol formation is most likely when the particle number concentration in the flue gas that enters the absorber exceeds 6x10 4 to 10 5 particles per cm 3 and when no suitable counter measures are taken, as using the dry bed configuration. They function as mist condensation nuclei and as a carrier of physically and chemically absorbed organic compounds. Figure 4 shows this phenomenon. Although no changes in the conventional dust concentration by mass of the flue gas from the power plant after FGD can be observed (blue curve), the concentration by number of particles with a diameter of approx. <255 nm increases. As a consequence the THC concentration trend in Figure 4 (red curve) progresses in accordance with the particle concentration by number (green curve) and is increasing by more than an order of magnitude. Fig. 4 . Solid particles with a size approx. <250 nm seem to be responsible for aerosol formation and solvent loss in post-combustion capture plants (pilot plant operational status: flue gas from conventional FGD, sodium hydroxide addition to the recirculating water flow in the direct contact cooler, no other emissions mitigation system active than the water wash section at the top of the absorber).
Measures before absorber
The correlation between the diameter d of an aerosol droplet and the necessary oversaturation S of the gaseous phase with the condensing compound is S ~ e 1/d [9] . Therefrom for particles with a diameter << 1 m a very high oversaturation is needed to form droplets or to stabilize them. Two effects are changing this correlation significantly: heterogeneous nucleation at the wettable surface of small solid nuclei reduces the need for oversaturation as long as the surface is not fully covered and soluble compounds in the nucleus are lowering the vapor pressure strongly [10] . As a consequence even small fly ash particles with a size < 100 nm can already start to grow at a relative humidity of about 0.8 [11] .
The particle size distribution determined for the flue gas at the absorber entrance of the post-combustion capture pilot plant at Niederaussem is normally bimodal with two modes between 7 to 50 nm and 50 to 255 nm. Aerosol formation can be minimized as far as possible when the solid, inorganic particles that trigger the emissions are removed before they enter the CO 2 capture process. Which of the two modes is responsible for the solvent entrainment in the CO 2 capture plant depends on the process configuration. Our results indicate a higher importance of the particles with a size around 100 nm under normal operating conditions. As already shown in Figure 4 , their concentration by number should be reduced from the normally occurring level to approx. < 100.000 particles per cm 3 and preferred to < 40.000 particles per cm 3 . This can be reached by a pre-treatment of the flue gas e.g. oversaturating of the flue gas by cooling or steam injection (to initiate the growth of the solid particles by condensation to a size that is sufficient for their separation) or by special pre-scrubbing techniques and by electrostatic precipitation before the flue gas is entering the CO 2 absorber.
When the flue gas supply to the post-combustion capture pilot plant is switched from the conventional FGD to the proprietary pre-treatment technique developed at the Coal Innovation Centre Niederaussem ( Figure 5 , including operation of the wet electric precipitator) the emissions of the CO 2 capture process are instantaneously reduced by more than one order of magnitude. Fig. 5 . The concentration of solid particles with a size between 50 and 255 nm seems to be responsible for aerosol formation under normal operational conditions. The high increase of the concentration of aerosol particles/droplets with a size < 50 nm is caused by the wet electric precipitator (the effect of the wet electric precipitator on emissions is discussed below).
In parallel to the decrease of solvent emissions, the concentration by number of the particles with a size > 50 nm drops down. The wet electric precipitator has two opposing effects. It supports the proprietary pre-treatment technique by removing solid particles especially from the second, larger fraction of the bimodal size distribution of particles and droplets around 100 nm. However, it also produces especially small aerosol droplets/particles of the first mode of the bimodal size distribution.
When the proprietary pre-treatment technique is operated solely, i.e. when the wet electric precipitator is switched off, the emissions of the capture plant can be minimized. The smaller fraction of aerosols droplets/particles disappears.
When the operational settings of the pre-treatment-technique are shifted to a less effective mode the negative effect of the wet electric precipitator can become overwhelming, see Figure 6 . Apparently, the precipitator generates a high number of droplets/particles with a size < 50 nm under these conditions, causing high emission rates in the CO 2 capture process. Fig. 6 . The wet electric precipitator can increase the concentration of aerosol particles/droplets with a size < 50 nm by order of magnitudes depending on the flue gas conditioning and composition so that it causes massive emissions of the CO2 capture process.
A very plausible explanation for this effect is the atomization of small droplets in the high-voltage electric field of the precipitator by a Rayleigh instability (also referred to as Coulomb instability). While the electrostatic energy of the charged droplet seeks to increase the droplet's surface (when a droplet passes the electric field the transferred charge carriers reside on the droplet's surface, seeking to increase it by repulsion), the surface energy in the contrary works to reduce the surface. The Rayleigh limit occurs when the pressure difference maintaining the spherical shape of the droplet is equal in magnitude to the surface stress due to repulsion of the electrostatic charges. When the maximum charge capable of being stored on the droplet of a given diameter is exceeded or alternatively the radius is decreasing at a given charge the droplet becomes unstable. The droplet becomes more and more spindle-shaped and emits at the Rayleigh limit, where it undergoes fission, a jet of small charged droplets. The mass loss is small compared to the charge loss [12] .
Based on these results the benefit of a wet electric precipitator as a measure to reduce emissions of postcombustion capture plants is ambivalent and strongly depending on the composition of the entering flue gas and the boundary conditions of the plant. In any case it is necessary to avoid the generation of aerosol nuclei in large quantities which entrain the solvent out of the absorber.
Dry Bed configuration
Even if emission triggering aerosol particles or droplets enter the absorber this does not necessarily mean that they will leave the capture plant entraining the solvent components. A powerful measure to reduce the emissions is the proprietary Dry Bed configuration (see Figure 2) .
The absorption section of the pilot plant at Niederaussem consists out of four beds with the option to leave out the upper one. This operational configuration is named "Dry Bed". Only a very low drain from the water wash section at the absorber top is wetting this bed. Nevertheless this counter current multistage device reduces the concentration of the solvent components in the gaseous phase. Another important effect for the emission mitigation is the slight temperature reduction of the flue gas, particles and droplets in the Dry Bed. Due to the saturation or oversaturation, water instead of organic compounds will condense on the particles and droplets in the water wash section downstream. Even though the growing droplets will not be removed from the flue gas flow by inertial separation, on the following flue gas path entrainment of organic compounds is reduced by an order of magnitude. Figure 7 is demonstrating the performance capability of the Dry Bed configuration. Although the wet electric precipitator produces a very high number of ultra-fine aerosol droplets it is still possible to reduce the emissions out of the capture process significantly by activating the Dry Bed. Fig. 7 . The Dry Bed configuration has the capability to achieve very low emission levels out of the capture process, even when a high flue gas loading with aerosol particle occurs (here generated by the wet electric precipitator).
Conclusion
A core task for the design of the capture technology is to reduce the solvent loss via emissions by reason of economic efficiency, environmental friendliness and public acceptance. The joint development program of BASF, Linde and RWE Power with OASE ® blue technology has demonstrated that two very effective measures are available to handle even challenging aerosol-triggered emission conditions: pre-treatment of the flue gas and Dry Bed configuration. Both configurations advantageously do not create an additional waste stream. The results show also that a thorough understanding is necessary of the sometimes confusing variety of effects regarding aerosol formation, aerosol behavior and the performance of emission mitigation techniques. In this regard, the ambivalent behavior of the wet electric precipitator on emissions of the CO 2 capture pilot plant can serve as a good and warning example.
To estimate aerosol formation from heterogeneous nucleationwhich seems to be a key mechanism for the flue gas of power plantsthe concentration and size of nuclei must be known. For an accurate prediction of the sitespecific aerosol levels, an online-measurement of particles from the real, live industrial process feeding the absorption unit will be the optimum source of information. However, a demanding and also costly continuous online-measurement will not be required. Based on the thorough know-how which has been gathered at the PCC pilot plant in Niederaussem, the fundamental cause-and-effect relationship between specific boundary conditions, solvent properties and each flue gas treatment step from combustion to the post-combustion CO 2 capture process is now understood and low emission levels can be achieved and maintained by technical solutions and operational settings that were jointly developed by BASF, Linde and RWE Power.
